The adsorption of chromium(VI) from aqueous solutions on to hazelnut shell activated carbon (HSAC) was investigated. The adsorption was carried out by varying parameters such as the agitation time, the initial solution pH, the initial Cr(VI) concentration and the temperature. The experimental data were well fitted by the pseudo-first-order kinetic model allowing the rate constants to be evaluated. The Langmuir isotherm provided the best correlation for the adsorption of Cr(VI) onto the activated carbon. The adsorption of Cr(VI) was pH-dependent. The adsorption capacity as calculated from the Langmuir isotherm was 170 mg/g at an initial pH of 1.0 for a Cr(VI) solution of 1000 mg/l concentration. Thermodynamic parameters were evaluated, indicating that the adsorption was endothermic and involved monolayer adsorption of Cr(VI).
INTRODUCTION
Chromium and its compounds are widely used in plating, leather tanning, cement, shell, dye and photography industries, producing large quantities of toxic pollutants which cause severe environmental and public health problems. Among the most interesting waste treatment problems is that posed by hexavalent chromium which is on the list of priority pollutants defined by the US EPA and other similar authorities. It leads to liver damage, pulmonary congestion, oedema and causes skin irritation resulting in ulcer formation (Raji and Anirudhan 1998) . Its concentrations in industrial wastewaters range from 0.5 mg/l to 270 000 mg/l (Patterson 1985) . The tolerance limit for the discharge of Cr(VI) into inland surface waters is 0.1 mg/l and in potable water is 0.05 mg/l (EPA 1990) .
A number of treatment methods for the removal of metal ions from aqueous solutions have been reported, viz. reduction, ion exchange, electrodialysis, electrochemical precipitation, evaporation, solvent extraction, reverse osmosis, chemical precipitation and adsorption (Patterson 1985) . Most of these methods suffer from some drawbacks such as high capital and operational costs. Disposal of the residual metal sludge causes problems for small-scale industries.
Many reports have appeared on the development of low-cost activated carbon adsorbents from cheaper and readily available materials (Babel and Kurniawan 2003; Bailey et al. 1999) . Their high surface areas, microporous characters and surface chemical natures have made such activated carbons potential adsorbents for the removal of heavy metals from industrial wastewater.
Studies on the adsorption of Cr(VI) by activated carbon and low-cost materials such as dried powder marine algae (Lee et al. 2000) , leaf mould (Sharma and Forster 1994a) , coconut husk and palm pressed fibres (Tan et al. 1993) , coconut shell activated carbon (Alaerts et al. 1989) , coconut shell, wood and dust coal activated carbons (Selomulya et al. 1999) , sawdust and used tyre carbon (Hamadi et al. 2001) , cactus, olive stone/cake, wool, charcoal and pine needles (Dakiky et al. 2002) , rice husk carbon (Srinivasan et al. 1988) , C. equisetifolia leaf carbon (Ranganathan 2000) , sphagnum moss peat (Sharma and Forster 1993) , coconut fibre compost, maize cob, sugar beet pulp and cane bagasse (Sharma and Forster 1994b), waste slurry (Srivastava et al. 1989) , biogas residual slurry (Namasivayam and Yamuna 1995), carbon slurry (Singh and Tiwari 1997) and bagasse and fly ash (Rao et al. 2002) have all been reported in the literature.
The removal of Cr(III), Cr(VI), Cd(II), Zn(II) and Ni(II) ions Demirbas et al. 2002; Cimino et al. 2000) from aqueous solutions by hazelnut shell activated carbons was also reported. Cimino et al. (2000) obtained an adsorption capacity towards Cr(VI) of 17.7 mg/g at a pH value of 2.0. It appears that HSAC possesses considerable potential for the removal of Cr(VI) from wastewater solutions.
The adsorption of Cr(VI) from aqueous solutions under different kinetic and equilibrium conditions has been investigated in detail in the present study.
METHODS AND MATERIALS

Adsorbent
The raw material for generating HSAC was obtained from the Corylus avellana species from Trabzon in Turkey. Its estimated reserves are ca. 3 ´10 5 tonne/y (Demirbas 1998) . The carbon obtained was air-dried, crushed and screened to obtain five fractions with geometrical mean sizes ranging from 0.5 mm to 2.0 mm. A known amount (100 g) of the selected fraction was impregnated with concentrated H 2 SO 4 , followed by activation in a hot air oven at 473 K for 24 h. The carbonized material was washed with distilled water to remove any free acid and the activated carbon soaked in 1% NaHCO 3 solution to remove any remaining acid. It was then washed with distilled water until the pH of the activated carbon attained a value of 4.76, following which it was dried at 378 K and sieved to a particle size in the range 0.90-1.80 mm . The characteristics of the activated carbon (HSAC) are summarized in Table 1 . 
Batch adsorption studies
All reagents used were of A.R. grade (Aldrich). The chromium sample was prepared by dissolving a known quantity of potassium dichromate (K 2 Cr 2 O 7 ) in doubly distilled water. This was then used as a stock solution. Adsorption studies were carried using the batch technique to obtain both the rate and equilibrium data. The batch adsorption experiments were performed on a rotary shaker using 100-cm 3 screw-cap conical flasks under constant conditions (stirring rate, 200 rpm; carbon particle size, 1.25-1.40 mm; temperature, 303 K). The Cr(VI) solutions (50 cm 3 ) were prepared at different initial pH values before addition of the HSAC (0.25 g). The effect of initial pH on adsorption kinetics was investigated at pH values (pH adj ) in the range 1.0-8.0 employing an initial Cr(VI) ion concentration of 200 mg/l, while the effect of the initial Cr(VI) concentrations was studied over the range 50-300 mg/l at different pH adj values. The pH adjustments were carried out either by the addition of 0.1 N NaOH or 0.1 N H 2 SO 4 .
The batch adsorption equilibrium isotherm experiments were also carried out on a rotary shaker for 72 h using the same amount of HSAC and a Cr(VI) solution containing a buffer solution of the desired pH value. The effects of the initial pH value and temperature on the adsorption equilibria were studied.
Analytical procedure
After all kinetic and equilibrium studies, the resulting solution was filtered through a 0.45-mm membrane filter and the filtrate analyzed. The concentrations of Cr(VI) in the solutions derived from all runs were measured spectrophotometrically (Perkin-Elmer model 550S UV-vis spectrophotometer) using 1,5-diphenylcarbazide in an acid medium (APHA 1985) .
The amounts of adsorption at equilibrium (q e , mg/g) and during kinetic runs (q t , mg/g) were computed using the following equations:
(1) (2) where C 0 , C t and C e are the Cr(VI) concentrations (mg/l) initially, at a given time t and at equilibrium, respectively, with V being the volume of Cr(VI) solution employed (cm 3 ) and m s the weight of HSAC (g).
RESULTS AND DISCUSSION
Adsorption dynamics
Effect of pH
The removal of Cr(VI) by HSAC at different pH adj values using initial Cr(VI) concentrations of 200 mg/l, a temperature of 303 K, a particle size of 1.25-1.40 mm and an agitation speed of
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200 rpm is shown in Figure 1 . The adsorption of Cr(VI) occurred in two stages. The first stage was solute uptake, i.e. the immediate solute uptake achieved within a few hours, followed by the second stage, i.e. the subsequent uptake of solute, which continued for a longer time period. It is seen from the figure that the amount adsorbed increased from 8 to 38 mg/g as the pH value decreased from 8.0 to 1.0. This indicates that the adsorption capacity of the adsorbent was clearly pH-dependent. The optimum uptake occurred when the initial pH (pH adj ) was 1.0 when 92% of the Cr(VI) was removed from the solution. It is thus clear that the pH determined the extent of Cr(VI) removal and also provided a favourably charged adsorbent surface on which adsorption occurred. Chromium exists mainly in two oxidation states, i.e. Cr(VI) and Cr(III), the stability of these forms being dependent on the pH of the system (Cimino et al. 2000; Selomulya et al. 1999; Sharma and Forster 1993, 1994a) . It has been postulated that, in the presence of activated carbon, Cr(VI) may be reduced to Cr(III) under acidic conditions (low pH values): (3) where C denotes the HSAC. It is well known that the dominant form of Cr(VI) at pH 2.0 is HCrO form of Cr(VI) which is the predominant species over the range 1.0 < pH adj < 3.0 and that it is this form which is adsorbed preferentially on the HSAC (Cimino et al. 2000; Selomulya et al. 1999; Sharma and Forster 1993) . On increasing the pH from 4.0 to 8.0, the degree of protonation of the surface reduced gradually and hence decreased adsorption was noted. The kinetics of Cr(VI) adsorption on HSAC were treated using the pseudo-first-order, pseudosecond-order and intraparticle diffusion models. The pseudo-first-order rate expression may be written as (Hamadi et al. 2001; Ho and McKay 1998) : (4) where q t is the amount of Cr(VI) adsorbed (mg/g) at time t (h), q e is the amount adsorbed (mg/g) at equilibrium and k 1 is the adsorption constant (1/h), respectively (see Figure 2) .
The pseudo-second-order model may be expressed as in equations (5) and (6):
In these equations, k 2 (g/mg h) and h (mg/g h) are the adsorption constants. The calculated values of k 1 , k 2 and h are listed in Table 2 . The diffusion behaviour was investigated using Srivastava's model which provides the following relationship between the various parameters (Srivastava et al. 1997; Sharma and Forster 1994a) : (7) where R is the percentage Cr(VI) adsorbed, t is the contact time (h), a is the gradient of the linear plots and k id (1/h) is the rate constant for intraparticle transport. The value of the quantity a indicates the adsorption mechanism and the k id term may be taken as a rate factor, i.e. the percentage of Cr(VI) adsorbed per unit time. To examine the diffusion behaviour, log-log plots of the kinetic data as percentage Cr(VI) removed versus time were constructed to obtain values of k id . These are also listed in Table 2 . Higher values of k id indicate an enhancement in the rate of adsorption, whereas larger a values indicate a better adsorption mechanism related to improved bonding between Cr(VI) and HSAC particles. It will be seen from Table 2 that the values of a at pH adj values of 1.0, 1.5 and 2.0 varied within the ranges 0.36-0.59, 0.33-0.46 and 0.26-0.46, respectively. These values all showed a considerable deviation from 0.50 indicating that intraparticle diffusion was not the predominant rate-controlling mechanism. For this reason, the main data analyses were based on the pseudoreaction kinetic models.
Effect of initial Cr(VI) concentration
The removal of Cr(VI) by adsorption on HSAC increased with time and attained a maximum value after 72 h, remaining virtually constant thereafter. On changing the initial concentration of the Cr(VI) solution from 50 mg/l to 300 mg/l, the amount adsorbed increased from 10.35 mg/g (99.99% removal) to 92 mg/g (92% removal) at 303 K, pH adj 1.0 and a particle size of 1.25-1.40 mm (Figure 3) . It is evident from this figure that the amount adsorbed on the solid phase at a lower initial concentration of adsorbate was smaller than the corresponding amount when higher initial concentrations were used. However, the percentage removal of Cr(VI) was greater at lower initial concentrations and smaller at higher initial concentrations. These results clearly indicate that the removal of Cr(VI) from the aqueous solution was dependent on the concentration of Cr(VI) present in the system.
The pseudo-first-order rate constants at different initial Cr(VI) concentrations are listed in Table 3 which also includes the data obtained from an application of the intraparticle diffusion model to the adsorption of Cr(VI) at different initial Cr(VI) concentrations. The speed of the adsorption reaction increased as long as lower concentrations and lower values of pH adj (up to 1.5) were maintained. 
Sorption equilibrium
Effect of pH
Figure 4 depicts typical adsorption isotherms for Cr(VI) by HSAC at different pH adj values. The adsorption density increased with increasing equilibrium Cr(VI) concentrations and eventually attained a plateau value. These plateau values increased as the pH values were lowered. The adsorption data were analyzed using two adsorption isotherm methods, i.e. the Langmuir and Freundlich isotherm equations (Sharma and Forster 1994b) . The data for the adsorption of Cr(VI) on HSAC fitted the Langmuir isotherm well ( Figure 5 and Table 4 ). The Langmuir adsorption model is based on the assumption that the maximum adsorption corresponds to the formation of a saturated monolayer of solute molecules on the adsorbent surface. The linear form of this expression may be written as: (8) where C e is the equilibrium concentration (mg/l), q e is the amount adsorbed at equilibrium (mg/g) and Q 0 and b are Langmuir constants related to the adsorption capacity and adsorption energy.
The Freundlich isotherm has been widely used for many years. The isotherm model describes equilibrium on heterogeneous surfaces and hence does not assume a monolayer capacity. The linear form of the Freundlich expression yields the constants k F and 1/n: (9) log log / log q k n C The data listed in Table 4 indicate a decreasing trend in Q 0 values as the values of pH adj increased. The values of R 2 show that the data conformed well to the relationship between the various parameters.
The Langmuir isotherm can also be represented in terms of a dimensionless constant separation factor or an equilibrium parameter, R L : where b is the Langmuir constant and C 0 the initial concentration of Cr(VI). According to Rao et al. (2002) , R L values between 0 and 1 indicate favourable adsorption. For HSAC, the R L values were between 0 and 1 at all Cr(VI) concentrations studied. The efficiency of Cr(VI) removal by HSAC was controlled by the pH value of the equilibrium mixture ( Figure 6 ). The percentage Cr(VI) removal decreased as the initial concentration (C 0 ) increased. Removal of Cr(VI) at an equilibrium pH for the reaction mixture was favoured at both lower pH and lower chromium concentrations values. This would suggest that the HSAC possessed only a limited number of sites that were saturated above a certain concentration. The data also show that removal efficiency improved with decreasing pH adj values. Table 5 lists the equilibrium pH values after 72 h for a range of initial pH adj values and Cr(VI) concentrations ranging from 50 mg/l to 1000 mg/l. It is clear from the data that there was a significant increase in the pH of reaction mixtures containing higher Cr(VI) concentrations due to more chromium ions being adsorbed and more hydroxide ions being released from the HSAC (Sharma and Forster 1993; Cimino et al. 2000) .
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Effect of temperature
The temperature range employed in the present studies was 293-323 K. Adsorption increased with increasing temperature, i.e. from 62.75 mg/g to 135.59 mg/g over the range studied. A plot of C e /q e versus C e gave a straight line of slope 1/Q 0 corresponding to complete monolayer coverage (mg/g) with an intercept equal to 1/Q 0 b (Figure 7) . Table 6 provides values of the constants for adsorption isotherms at different temperatures, the data for the adsorption of Cr(VI) on activated carbon being best fitted by the Langmuir isotherm. The equilibrium constant for the adsorption process, K a , can be expressed as the product of the Langmuir constants Q 0 and b . Although the values of K a at the four temperatures studied are not listed, plots of log K a versus the inverse of the temperature (R 2 = 0.982) were undertaken and allowed the values of the enthalpy change (DH 0 ), the entropy change (DS 0 ) and the standard free energy change (DG 0 ) to be calculated using equations (11) and (12):
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Positive values of DH 0 indicate the endothermic nature of the process while a positive value of DS 0 suggests an increased randomness at the solid-solution interface during the adsorption of Cr(VI) onto HSAC. The negative value of DG 0 confirmed the feasibility of the process and the spontaneous adsorption of Cr(VI) on the adsorbent.
Comparison with other adsorbents
The adsorptive capacities of HSAC have been compared with those of other adsorbents reported in the literature as having been examined for the removal of Cr(VI) under similar conditions to those employed in the present work. These have been tabulated in Table 8 .
It is clearly seen from the first three adsorbents listed that HSAC exhibited considerably greater adsorption potentials when compared with those exhibited by other adsorbents. In fact, HSAC exhibited the highest adsorption capacity when the removal of Cr(VI) was undertaken at very low pH adj values.
CONCLUSIONS
HSAC is an effective adsorbent for the removal of Cr(VI) from aqueous solutions, its adsorptive capacity being clearly superior to some other adsorbents (Table 8 ). The adsorption of Cr(VI) was found to be highly dependent on the pH value of the system, with the best results being obtained and Forster (1994b) 
